The steps between transcription and translation in eukaryotes are very complicated. In the simplest cases, the primary transcript must acquire a 3Ј poly-adenine tail and a 5Ј methyl guanine cap in order to be transported to the cytoplasm, undergo translation, and remain stable long enough to produce a functional amount of protein. Additionally, in multicellular eukaryotes, most primary transcripts must undergo splicing reactions, in which exons are joined together and non-coding intervening sequences (introns) are removed (see poster). Genes may produce several protein products by the use of alternative mRNA splicing, in which different exons and different intron/exon junctions may be alternatively used in different splice products from the same primary transcript. Alternative splicing is a highly regulated process, and is recognized increasingly as a player in cancer development.
Among the myriad of alterations present in cancer cells are an abundance of aberrant mRNA transcripts. Whether abnormal gene transcription is a by-product of cellular transformation or whether it represents an inherent element that contributes to the properties of cancer cells
is not yet clear. Here, we present growing evidence that in many cases, aberrant mRNA transcripts contribute to essential phenotypes associated with transformed cells, suggesting that alterations in the splicing machinery are common and functionally important for cancer development. The proteins encoded by these abnormal transcripts are often truncated or missing domains, thereby altering protein function or conferring new functions altogether. Thus, aberrant splicing regulation has genome-wide effects, potentially altering gene expression in many cancer-associated pathways.
escape this pathway, then truncated, mutated or unstable proteins will be produced. In nonsense-altered splicing (NAS), a process parallel to NMD, cells upregulate the levels of splice variants that skip exons containing frameshift mutations (Maquat, 2002; Valentine, 1998) . In these cases, putative null mutations associated with truncation (frameshift, nonsense or splice-site mutations) may promote increased levels of partially functional mRNA species that are potentially associated with non-null phenotypes using NAS.
Alternative splicing is a means of expressing several or many different transcripts from the same genomic DNA and results from the inclusion of a subset of the available exons for a particular protein. By excluding one or more exons, certain protein domains may be lost from the encoded protein, which can result in protein function loss or gain. Several types of alternative splicing have been described: exon skipping; alternative 5Ј or 3Ј splice sites; mutually exclusive exons; and, much more rarely, intron retention. Kim et al. compared the amount of alternative splicing in cancer versus normal cells using a bioinformatic approach and determined that cancers exhibit lower levels of alternative splicing than normal cells (Kim et al., 2008) . Furthermore, the distribution of the types of alternative splicing events differed in cancer versus normal cells. Cancer cells demonstrated less exon skipping, but more alternative 5Ј and 3Ј splice site selection and intron retention than normal cells (Kim et al., 2008) . Interestingly, when Kim et al. examined the phenomenon of exonization (the use of sequences as exons that are used predominantly by other tissues as introns), they found that the genes associated with exonization in cancer cells were preferentially associated with mRNA processing, which indicates a direct link between cancer cells and the generation of aberrant mRNA splice forms.
Exonic and intronic splicing enhancers (ESEs and ISEs, respectively) are purine-rich cis-acting elements that promote splicing of nearby sequences, whereas exonic and intronic splicing suppressors (ESSs and ISSs, respectively) repress splicing of close sequences (Blencowe, 2006) . Often enhancer and silencer elements can overlap one another. ESEs are controlled by serine-arginine (SR) proteins that contain an N-terminal RNA binding and C-terminal SR-rich domains. The SR domain is likely to stimulate splicing by promoting spliceosome assembly by recruiting the U1 and U2AF snRNPs, as well as by binding the pre-mRNA branch point directly. The silencing elements, the ESSs and ISSs, are recognized generally Alternative splicing
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Canonical splicing of a gene containing five exons is depicted above in the blue box. Splicing occurs between each exon at intron-exon boundaries, and alternative splicing of exon 4 is depicted.
5Ј capping occurs at the extreme 5Ј end of the mRNA, and polyadenylation occurs at the 3Ј end. A close-up view of the splicing machinery is given at the very top of the figure. The U1 SNP binds to the GU consensus element limiting the 5Ј end of the intron to be removed. The U2 SNP binds the branch point, and the U2AF 65 and 35 subunits bind the polypyrimidine tract. The U4-U6 complex base pairs with the pre-mRNA and displaces the U1 and U4 SNPs. Two transesterification reactions result in ligation of the two exon sequences and release of the intervening intron as a lariat structure. Sequences commonly found at intron-exon borders are depicted, with the size of each letter connoting the frequency of finding that base at that position. by the hnRNPs, which control the likelihood of splicing in combination with the local SR protein composition.
Many functional groups exhibit altered splicing in cancer cells

Modern tools for identifying alternative exon usage
Bioinformatic strategies have been used to characterize common sequence features of exons, intron/exon boundaries, and intronic sequences involved in splicing events. These strategies take advantage of large, publicly available databases containing annotated mRNA and corresponding genomic DNA sequences from several species, and have generated several very useful splice site prediction algorithms (Churbanov et al., 2006; Zhang, 1998) . Bioinformatics has also played an important role in identifying transcriptome-wide changes in splicing patterns that vary by developmental stage, tissue, sex, or disease state. Such strategies include alignment of expressed sequence tags (ESTs) (Hui et al., 2004; Xu et al., 2003) , high-throughput sequencing, and microarray/tiling array-based strategies, some of which have been combined with analysis of spliced RNAs bound to splicing regulators revealed by co-immunoprecipitation or crosslinking approaches, to quantify use of exons, splice junction sequences and other sequence features (reviewed by Moore and Silver, 2008) .
Tools like these and others have revealed splicing patterns for numerous genes that differ between tumors and normal tissues. In one study, analysis of EST clusters in normal and tumor cells revealed 383 out of 26,812 splice variants were likely to be tumor associated (Hui et al., 2004) , and another showed 89 out of 4100 genes had at least one probable tumor-specific splice variant (Xu et al., 2003) . The proportion of alternative splice variants likely to be especially enriched in tumor cells over their normal counterparts is small in these examples. If alternative splicing patterns of crucial genes play an important role in tumor initiation or progression, it may be by a combination of novel splice variants acting in a dominant manner and reduced gene function caused by elimination of potentially functionally distinct products of individual genes. Understanding the role of splicing regulation in cancer will require extensive investigation. However, in the short term, such transcriptome-wide patterns of alternative splicing could conceivably be used to identify tumor subtypes (Baudry et al., 2002; Caballero et al., 2001; Klinck et al., 2008) or provide tumor-specific targets for potential therapies (Volpe et al., 2007) .
Abnormal RNA splicing can have functional consequences for cancer cells As noted above, many groups have documented abnormal or alternative mRNA splicing in cancer cells. An increasing body of evidence suggests that in several cases the novel protein that is produced by the new mRNA alters the characteristics of the expressing cancer cell. Here, we will focus on five examples: DNMT3B, BRCA1, KLF6, Ron, Gemin5, chosen to highlight specific features of aberrant splicing in cancer cells.
DNA methylation is catalyzed by three enzymes in human cells: DNMT1, DNMT3A and DNMT3B, and cancer cells are characterized by abnormal splicing of the DNMT3B gene. There are several splice forms found in non-transformed cells: DNMT3B1 (which contains all of the protein encoding exons 2-23); DNMT3B2 (which lacks exon 10); DNMT3B3 (which lacks exons 10, 21 and 22); and DNMT3B6 (which is expressed from a different promoter that adds 12 amino acids to the N-terminus of the protein). Several aberrant DNMT3B transcripts have been found in cancer cell lines and primary tumors that produce truncated proteins, some of which are catalytically inactive, that may contribute to the abnormal DNA methylation patterns of cancer cells: DNMT3B4 and DNMT3B5; DNMT3B7, a transcript arising from intron retention (in this case, retention of 94 bases of intron 10 sequence); seven transcripts expressed in non-small cell lung cancer (named ΔDNMT3B transcripts) arising from a promoter present within intron 4 (Wang et al., 2006b ). Some of these encode proteins that are expected to be catalytically active and some encode catalytically inactive proteins, since they lack crucial portions of the methyltransferase domains; and many other aberrant DNMT3B transcripts present at much lower levels in cancer cells (Ostler et al., 2007) . Many of the truncated DNMT3B proteins contain the PWWP domain in the protein's N-terminus, which may mediate DNA binding.
To test whether truncated DNMT3B isoforms could affect the DNA methylation patterns and phenotypes of cancer cells, two groups independently expressed DNMT3B4 and DNMT3B7 within 293 cells (Saito et al., 2002; Ostler et al., 2007) . In both cases, transfected cells expressing the truncated DNMT3B protein altered the DNA methylation pattern relative to control cells. In addition, 293 cells expressing DNMT3B4 grew twice as fast as vector-control cells (Saito et al., 2002) . In the context of primary human tumor samples, Mao and colleagues have identified a strong correlation between the expression of ΔDNMT3B4, predicted to encode a catalytically active isoform, and the methylation of the RASSF1A gene (Wang et al., 2007; Wang et al., 2006a) . Thus, particular DNMT3B isoforms, derived by alternative splicing, have distinct functions and alter DNA methylation in unique ways.
Interestingly, DNMT3B function is regulated not only by the production of particular protein isoforms that are derived by alternative splicing, but also by a family of micro-RNAs, miR29a/b/c, which has been shown to regulate DNMT3A and DNMT3B in lung cancer (Fabbri et al., 2007) . Forced expression of miR-29s in lung cancer cells restores normal patterns of DNA methylation within the cells as well as re-expression of silenced genes, such as FHIT and WWOX (Fabbri et al., 2007) .
Finally, Elela and colleagues have used large scale reverse transcription-PCR and deep sequencing to analyze the transcriptome of primary ovarian cancers, borderline ovarian tumors, and normal ovarian tissue (Klinck et al., 2008) . The group found that normal and tumor tissue can be distinguished based on the differing splicing patterns of several genes. One of the highest scoring genes in their system was DNMT3B. Notably, ovarian cancers expressed both transcripts encoding full-length catalytically active DNMT3B as well as mRNAs encoding truncated, catalytically inactive isoforms. The ability of this group to distinguish normal from cancer cells merely based on splicing patterns underscores the prevalence of aberrant splicing in primary human tumors.
Splicing patterns in BRCA1, a gene associated with tumor initiation
The breast cancer susceptibility gene BRCA1 generates several splice variants that may play an important role in tumor development. Many BRCA1 splice variants result from mutations in consensus intronic splice donor and acceptor sites, and others result from mutations in degenerate splicing consensus sites in
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sequences near intron-exon boundaries (Bonatti et al., 2006; Chen et al., 2006; Claes et al., 2003; Tesoriero et al., 2005) . Mutations that result in exon skipping without maintaining the original translation reading frame inevitably generate premature stop codons, rendering mis-spliced messages subject to NMD. There are at least two known examples of BRCA1 mutations falling within exonic splicing enhancers (ESEs). One, E1694X, would be classified as a nonsense mutation by conceptual translation, but the G>T transversion that generates the E169X mutation within exon 18 of BRCA1 disrupts a consensus ESE sequence, which likely explains the observed exon skipping (Liu et al., 2001) . Additionally, the BRCA1 C64G mutation, often cited as a deleterious missense mutation, has been shown to be associated with skipping of BRCA1 exon 5, and also disrupts a consensus ESE motif (Yang et al., 2003) .
A variety of BRCA1 splice variants have been found to accumulate normally in several tissues. Among those that result from exon skipping events and retain the translational reading frame are variants that skip exon 5, exon 11 (all of it or most of it), exons 2-10, exons 9-11, exons 14-17 and exons 14-18 (Orban et al., 2003) . Of these, the variant lacking exon 11 is detected in other mammalian species. Additionally, a BRCA1 mRNA variant (BRCA1-IRIS) that lacks exons 12-24 but contains a short segment of coding sequence from intron 11 has been reported (ElShamy et al., 2004) . It has been suggested that different BRCA1 splice forms are associated with breast and ovarian cancer, based on the observations that different relative levels of splice variants involving exons 9, 10 and 11 are seen in breast and ovarian cancer cell lines compared with normal or leukemia cell lines (Orban et al., 2001; Wilson et al., 1997) .
Alternative splicing of KLF6 is affected by an intronic SNP, producing a novel transcript that changes cancer cell behavior The Kruppel-like factor 6 (KLF6) gene is a zinc-finger-containing transcription factor and tumor suppressor that is inactivated by deletion or mutation in several cancer types, including prostate, colon, hepatocellular carcinoma, gastric, nasopharyngeal, ovarian and gliomas (DiFeo et al., 2008 and references therein) . An intronic single nucleotide polymorphism (SNP), IVS -27 G>A/IVSΔA, generates a novel SRp40-binding site and obliterates two other overlapping SR-protein-binding sites, resulting in the increased production of three alternatively spliced transcripts, KLF6 SV1-3 (Narla et al., 2005a) . The presence of this SNP confers an increased risk of prostate cancer. KLF6 SV1 and SV2 protein products are mislocalized to the cytoplasm, and the KLF6 SV1 protein product opposes the function of wild-type KLF6 (Narla et al., 2005b) . Expression of KLF6 SV1 is increased in hormone-refractory metastatic prostate cancer and is associated with decreased survival in patients with lung adenocarcinoma (DiFeo et al., 2008; Narla et al., 2005b) Changes in splicing factor levels within cancer cells alters gene splicing Why are splice patterns different in normal and tumor cells? As splice patterns normally vary during embryogenesis and between tissue types, it is clear that splicing is regulated by responses to developmental cues. It is therefore easy to imagine that such signaling pathways may become altered in cancer cells. Indeed, there is a fascinating body of literature showing that some kinases and phosphatases known to play important roles in tumor development also play regulatory roles in the phosphorylation status of SR proteins, the serine-arginine-rich proteins that bind to exonic splicing enhancers (ESEs) to signal exon identity to the spliceosome. The phosphorylation status of SR proteins affects their function by regulating their subcellular localization and their protein-protein interactions. The kinases that regulate the phosphorylation status of SR proteins such as SRp40 include Akt, an environmentally regulated kinase that participates in numerous tumor types. Likewise, the phosphatases that affect the phosphorylation status of SR proteins such as SRp70, SRp55, SRp40 and ASF/SF2, include protein phosphatases PP1 and PP2A, and affect pathways that regulate apoptosis (reviewed by Blaustein et al., 2007) . The SR proteins serve many functions, so effects on their phosphorylation states could have effects on gene splicing, mRNA export and/or mRNA translation.
Additionally, altering the levels of different splicing factors within a cell could change the ratio of particular splicing events. For example, SR proteins and hnRNPs are known to antagonize one another in a concentration-dependent manner. The end result of altered splicing ratios within a gene could be to produce proteins of altered function and to confer a growth or other advantage to the cell expressing them. Several examples of this type of dysregulated splicing occur in cancer cells, and recent evidence suggests that at least some of these events result in changes in cancer cell motility.
Ron encodes a tyrosine kinase receptor for macrophagestimulating protein, which regulates cell dissociation, motility and invasive properties. Exclusion of exon 11 results in a transcript that encodes a constitutively active receptor, ΔRon (Collesi et al., 1996) . Exclusion or inclusion of exon 11 within Ron transcripts is controlled through an ESE and an ESS, respectively, that are located in exon 12. The accumulation of ΔRon transcripts within breast and colon tumors correlates with the levels of SF2/ASF, a highly conserved SR protein (Ghigna et al., 2005) . By regulating the amount of ΔRon produced within a cell, SF2/ASF controls the epithelial to mesenchymal transition leading to cell locomotion (Ghigna et al., 2005) .
Interestingly, cell motility in breast cancer cells is also controlled by the levels of Gemin 5, a component of the spliceosomal complex. Lee and colleagues used isotope capture affinity tag proteomic analysis to compare the global protein expression patterns in MDA-MB-435 breast cancer cells versus the Nm23-H1 metastasis suppressor cells (Lee et al., 2008) . Ingenuity pathway analysis revealed that the most prominent class of altered proteins were those involved in RNA post-transcriptional modification. Levels of Gemin 5, ACIN1, PABPC1, HNRPA2B1 and Bop1 were all higher in the less metastatic cells. Furthermore, expression of gemin5 was sufficient to alter the splicing pattern of the more metastatic MDA-MB-435 cells to that of the less metastatic cells. In addition, gemin5-expressing transfectants were less mobile than vector-expressing cells.
Altered splicing regulation and the tumor microenvironment
Signals from tumor microenvironments often play important roles in promoting tumor development and metastasis. Alternative splice variants of several genes are known to have different accumulation patterns in tumors and surrounding stromal tissues, and soluble signals from stromal cells and the extracellular matrix can influence epithelial cell transformation by altering splicing regulation. For example, the CD44 gene, which encodes a cell hyaluronate receptor, undergoes extensive alternative splicing both as part of its normal function and also in response to tumor-specific splicing regulation. Whereas the full-length CD44 mRNA protein product is detected at high levels in both colorectal cancer cells and surrounding stromal tissues, at least one splice variant (v6) is present in 77% of tumors but only in 17% of stromal cells (Furuta et al., 1998) . Additionally, Tenascin-C (TN), an extracellular matrix glycoproteinprotein, exists as several splice variant isoforms, two of which are especially associated with an invasive phenotype. As these isoforms are also seen associated with a subset of ductal carcinomas in situ (DCIS), it is possible they could be used as predictors of aggressive tumor behavior (Adams et al., 2002) . Fibronectin, another extracellular matrix protein that plays roles in cell adhesion and migration, also exists as multiple isoforms generated by alternative splicing. Growth factors produced by mammary mesenchymal cells can stimulate a mammary epithelial cell line to produce specific fibronectin mRNA splice variants especially associated with proliferation, migration and tissue remodeling (Blaustein et al., 2004) . Similarly, MMP-3, a stromal protein that promotes malignant transformation in cultured mammary epithelial cells, has been found to promote the expression of an alternative splice form of the small GTPase rac1. This in turn causes an increase in cellular reactive oxygen species, resulting in DNA damage and genomic instability (Radisky et al., 2005) . Collectively, these examples show that splicing of cancer-associated mRNAs may be quite different in epithelial and surrounding stromal cells, and that stromal signaling may cause changes in splicing regulation that result in aggressive tumor behavior.
Conclusions
Alternative splicing is one of the most important ways cells regulate the different protein products encoded by individual genes. Yet the complexity of the splicing regulatory mechanisms provides numerous targets for cancer-associated aberrations. In some cases, cancer-specific misregulation of one or a few genes acting early in tumorigenesis can be sufficient to initiate cancer development. In other cases, cancer-specific splicing alterations in genes that regulate expression of numerous downstream genes can contribute to a tumorigenic environment traditionally associated with high frequency mutation. As with gene expression patterns, tumorassociated alternative splicing patterns may now be examined with high-density microarrays and/or high-throughput DNA sequencing, which could be used to define tumor subtypes, provide high-resolution diagnostic tools, and even suggest targets for novel therapies. Such therapies could be directed at the splicing machinery itself, as it is subject to regulation by cell signaling pathways. Hypotheses generated by transcriptome-wide analyses of splicing events are now being tested in vivo to reveal the functional consequences of aberrant splice products of crucial tumor-associated genes.
